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Prototyping of van der Waals materials on dense nanophotonic devices requires high-precision
monolayer discrimination to avoid bulk material contamination. We use the glass transi-
tion temperature of polycarbonate, used in the standard dry transfer process, to draw an
in situ point for the precise pickup of two dimensional materials. We transfer transition
metal dichalcogenide monolayers onto a large-area silicon nitride spiral waveguide and sil-
icon nitride ring resonators to demonstrate the high-precision contamination-free nature of
the modified dry transfer method. Our improved local transfer technique is a necessary step
for the deterministic integration of high-quality van der Waals materials onto nanocavities
for the exploration of few-photon nonlinear optics on a high-throughput, nanofabrication-
compatible platform.
1 Introduction
Atomically thin van der Waals (vdW) materials have generated strong interest in recent years for
their possible electronic and optoelectronic applications [1, 2, 3]. The appeal of vdW materials
for use as an active or passive material in low-loss nanophotonic devices hinges on their layered
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nature, which allows them to be integrated without concern for lattice-matching to the underlying
substrate material [4]. The integration of vdW materials can thus be made independent of the
device fabrication. The devices can be manufactured separately using existing high-throughput
nanofabrication, including CMOS processes, and then the vdW material can be transferred on this
pre-fabricated photonic platform to add new functionalities. The variety of vdW materials available
with different optoelectronic properties provides for broad opportunities in the fabrication of light
sources [5, 6], modulators [7], detectors [8], and nonlinear optical devices [4].
Mechanically exfoliated and small-area chemical vapor deposition (CVD) grown vdW ma-
terials are pervasive in laboratory experiments due to their high quality and ease of device integra-
tion [9, 10]. Various transfer techniques have been devised to facilitate rapid prototyping of vdW
material heterostructures assembled from randomly located, micron-sized samples that are often
surrounded by unwanted bulk material [11, 12, 13]. For pure material studies the surrounding
bulk materials do not pose a serious problem because there are no extended structures to avoid in
the transfer process. In the realm of nanophotonics, however, stray bulk material can modify the
optical properties of the structure under study. Moreover, many of these contaminants cannot be
removed easily via etching or cleaning in solvents, often leading to ruined chips. Hence, a local
transfer technique with improved monolayer discrimination is desired for high-yield vdW material
integrated nanophotonic structures.
In this paper we demonstrate a modified polycarbonate-polydimethylsiloxane (PC-PDMS)
transfer technique, which allows precise pickup and placement of vdW materials onto nanopho-
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tonic structures. We demonstrate the efficacy of our transfer process by placing WSe2 onto a
large-area silicon nitride spiral [14] and two different semiconductor monolayers (WSe2, MoSe2)
onto neighboring silicon nitride ring resonators [15].
2 Experimental procedure
The hemispherical dome stamp fabrication begins by preparing a 2-3 mm layer of cured PDMS
(SYLGARDTM184 Silicone Elastomer) cut into 6 mm diameter cakes. A second batch of PDMS is
mixed from the silicone elastomer base with the curing agent, and placed in vacuum for 20 minutes
for degassing. The liquid PDMS is then pipetted onto the cake layer to form a hemisphere under
the surface tension of the liquid. The domes are cured by leaving them in vacuum for 24 hours.
The PC film (Sigma Aldrich R© Poly(Bisphenol A carbonate), 7% solution in chloroform) is
secured to the hemispherical PDMS stamp using Scotch R© tape with a hole punched into it as a
window. The sample stage is kept at 125 ◦C (Fig. 1a-i). Under an optical microscope, the dome
stamp is lowered into minimal contact with the sample stage (Fig. 1a-ii). We use a SU-8 chip
with pillars of varying diameters for the sample stage as a visual reference in the point formation.
The sample stage is then heated to 160 ◦C. After the stage equilibrates to the new temperature, the
sample stage temperature is again set to 125 ◦C. As the sample stage decreases towards the lower
temperature, the dome stamp is drawn away from the sample stage to separate the PDMS stamp
from the PC film, which will still be adhered to the sample stage. The dome stamp is continuously
pulled away from the substrate as a point is drawn in the PC film commensurate with the monolayer
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sample (Fig. 1a-iii). The point should be formed before the sample stage reaches the polycarbonate
glass transition temperature (147 ◦C). It is imperative to intentionally pull the newly formed point
away from the stage after the sample stage crosses the glass transition temperature (Fig. 1a-iv).
During pickup of the monolayer we need to ensure that the monolayer sample is centered on
the microscope objective along with the newly formed point. As the hemispherical PDMS dome
itself acts as a lens, the heated stage position has to be adjusted to maintain the monolayer sample
in the focal plane of the objective. The point will manifest as a white disk. Pickup is performed by
contacting the point to the monolayer.
For transfer onto a nanophotonic device the point is again brought close to the surface. Due
to the suspended nature of the PC point, melting can cause the point to droop unpredictably. For
precise placement of the monolayer it is easiest to rapidly lower the PDMS dome stamp into contact
with the monolayer to anchor it to the sample substrate. The temperature of the sample stage is
then raised to 180 ◦C to detach the PC as a sacrificial layer from the PDMS stamp. The PC film is
dissolved in chloroform for 12 hours followed by a 30 minute isopropanol bath.
The result of the modified transfer method (Fig. 1c) is shown in comparison to the use of
the usual square PDMS stamp (Fig. 1b), with a zoomed-in disk resonator (Fig. 1d) to illustrate
the scale of a nanophotonic device. The monolayer is transferred on the zoomed-in disk resonator,
but the monolayer is invisible under an optical microscope due to the poor optical contrast on
the silicon nitride substrate. The square stamp contaminates the nanophotonic devices with bulk
material and tape residue which can significantly alter the transmission properties of the devices,
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sometimes to an extent where no transmission can be measured. Our local transfer method allows
for the precise pickup and placement of vdW material samples without the usual accompanying
bulk material pieces.
3 Experimental results and discussion
We first demonstrate the integration of WSe2 onto a non-resonant nanophotonic device - a large-
area silicon nitride (SiN) spiral (Fig. 2a). Due to its large area, the transmission spectrum is known
to be sensitive to contaminants [16]. Then, resonant nanophotonic devices are demonstrated by the
dual integration of two different semiconductor monolayers (WSe2, MoSe2) onto neighboring SiN
ring resonators. As the two monolayers are integrated in separate transfer steps the samples can be
integrated as a heterostructure or onto separate devices depending on the desired experiment.
We fabricated the underlying nanophotonic devices using a 220 nm thick SiN membrane
grown via LPCVD on 4 µm of thermal oxide on silicon. The samples were obtained from com-
mercial vendor Rogue Valley Microelectronics. We spun roughly 400 nm of Zeon ZEP520A,
which was coated with a thin layer of Pt/Au that served as a charging layer. The resist was then
patterned using a JEOL JBX6300FX electron-beam lithography system with an accelerating volt-
age of 100 kV. The pattern was transferred to the SiN using a reactive ion etch (RIE) etch in
CHF3/O2 chemistry.
Photoluminescence (PL) measurements [17] are conducted by exciting the monolayers with
a 632 nm HeNe laser. The resulting emission is collected with a free-space confocal microscopy
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setup and measured in a spectrometer. The spectrometer is equipped with a Princeton Instruments
PIXIS CCD with an IsoPlane SCT-320 Imaging Spectrograph. The transmission is measured by
exciting a grating coupler with a supercontinuum laser (Fianium WhiteLase Micro) and collecting
from the other grating coupler (Fig. 2a, top right inset). For cavity-coupled PL [6] the sample is
directly excited with the HeNe laser and the resulting emission is collected from a grating coupler
using a pinhole in the image plane of the confocal microscope. To obtain high signal-to-noise ratio
PL we cool down the sample to 80K using liquid nitrogen in a continuous flow cryostat (Janis
ST-500).
The room-temperature PL of the WSe2 monolayer integrated onto the SiN spiral (Fig. 2b)
establishes the presence of the vdW material on the waveguide. The before and after transmis-
sion spectrum (Fig. 2c and Fig. 2d, respectively) for the SiN spiral waveguide integrated with
the monolayer WSe2 illustrates the contamination-free nature of the transfer process. Signifi-
cant contamination would prevent any transmission spectrum from being measured. The envelope
modulation of the spectrum is due to the frequency-dependent coupling efficiency of the grating
couplers. The relative amplitude change between the two features in the spectrum is likely due to
the angular dependence of the grating couplers. As the measurement is done before and after the
transfer - which requires removing the sample from the optical setup - the angular alignment of the
confocal microscope objective to the grating coupler will be slightly different [18].
The method can be extended to integrate vdW materials to disjoint but proximate vdW ma-
terial nanophotonic devices (Fig. 3). The four SiN ring resonators are each separated by 1 µm to
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ensure no coupling between cavities. Each cavity can be independently addressed by input and
output grating couplers. Again, the PL of the WSe2 and MoSe2 (Fig. 4a and Fig. 4d, respectively)
establishes the presence of the monolayers. The low-temperature transmission spectrum for the
ring resonators (Fig. 4b and Fig. 4e) with the integrated monolayers illustrates a contamination-
free transfer. The dips in transmission correspond to the resonance in the ring resonators. The
separation between the modes corresponds to the free-spectral range of the ring resonator. The PL
of the WSe2 and MoSe2 coupled to the evanescent field of the ring resonators collected from the
grating coupler (Fig. 4c and Fig. 4f, respectively) is amplified at the cavity resonances.
4 Conclusion
We have presented a method to facilitate the integration of vdW materials onto nanophotonic de-
vices which require a minimum of contamination from bulk material. A PL measurement is used
to identity the presence of vdW materials on the nanophotonic devices. The transmission spectrum
of the SiN spiral integrated with a monolayer material demonstrates the contamination-free nature
of the described transfer method. The integration of two different transition metal dichalcogenide
monolayers onto neighboring SiN ring resonators demonstrates the capability to manually scale
the fabrication of devices for rapid prototyping. Although not demonstrated, an advantage of our
method compared to other local transfer techniques is the straight-forward extension to single-step
heterostructure fabrication. Instead of picking up a single monolayer we can simply pick up mul-
tiple samples from the same or other exfoliated chips. We have used this technique successfully in
creating boron nitride encapsulated monolayers integrated onto nanophotonic devices to reduce the
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linewidth of the neutral exciton [19]. Our local transfer technique can potentially enable a litho-
graphically defined quantum emitter [20, 21] deterministically integrated onto a nanocavity, which
can reach the few-photon nonlinear optical regime [22, 23, 24] for applications in neuromorphic
photonics [25, 26] and quantum many-body simulation [27, 28].
5 Acknowledgments
The research was supported by NSF-1845009, NSF-ECCS-1708579 and AFOSR grant FA9550-
17-C-0017 (Program Manager Dr. Gernot Pomrenke). Part of this work was conducted at the
Washington Nanofabrication Facility / Molecular Analysis Facility, a National Nanotechnology
Coordinated Infrastructure (NNCI) site at the University of Washington, which is supported in part
by funds from the National Science Foundation (awards NNCI-1542101, 1337840 and 0335765),
the National Institutes of Health, the Molecular Engineering & Sciences Institute, the Clean Energy
Institute, the Washington Research Foundation, the M. J. Murdock Charitable Trust, Altatech,
ClassOne Technology, GCE Market, Google and SPTS.
6 References
1. Yuan Liu, Nathan O. Weiss, Xidong Duan, Hung-Chieh Cheng, Yu Huang, and Xiangfeng
Duan. Van der Waals heterostructures and devices. Nature Reviews Materials, 1(9):16042,
September 2016. ISSN 2058-8437. doi: 10.1038/natrevmats.2016.42. URL https://
www.nature.com/articles/natrevmats201642.
8
2. Chang-hua Liu, Jiajiu Zheng, Yueyang Chen, Taylor Fryett, and Arka Majumdar. Van der
Waals materials integrated nanophotonic devices [Invited]. Optical Materials Express, 9(2):
384–399, February 2019. ISSN 2159-3930. doi: 10.1364/OME.9.000384. URL https:
//www.osapublishing.org/ome/abstract.cfm?uri=ome-9-2-384.
3. Fengnian Xia, Han Wang, Di Xiao, Madan Dubey, and Ashwin Ramasubramaniam. Two-
dimensional material nanophotonics. Nature Photonics, 8(12):899–907, December 2014.
ISSN 1749-4893. doi: 10.1038/nphoton.2014.271. URL https://www.nature.com/
articles/nphoton.2014.271.
4. Taylor Fryett, Alan Zhan, and Arka Majumdar. Cavity nonlinear optics with layered
materials. Nanophotonics, 7(2):355–370, 2018. doi: 10.1515/nanoph-2017-0069.
URL https://www.degruyter.com/view/j/nanoph.2018.7.issue-2/
nanoph-2017-0069/nanoph-2017-0069.xml.
5. Sanfeng Wu, Sonia Buckley, John R. Schaibley, Liefeng Feng, Jiaqiang Yan, David G. Man-
drus, Fariba Hatami, Wang Yao, Jelena Vucˇkovic´, Arka Majumdar, and Xiaodong Xu. Mono-
layer semiconductor nanocavity lasers with ultralow thresholds. Nature, 520(7545):69–72,
April 2015. ISSN 1476-4687. doi: 10.1038/nature14290. URL https://www.nature.
com/articles/nature14290.
6. Yu Ye, Zi Jing Wong, Xiufang Lu, Xingjie Ni, Hanyu Zhu, Xianhui Chen, Yuan Wang, and
Xiang Zhang. Monolayer excitonic laser. Nature Photonics, 9(11):733–737, November 2015.
9
ISSN 1749-4893. doi: 10.1038/nphoton.2015.197. URL https://www.nature.com/
articles/nphoton.2015.197.
7. Christopher T. Phare, Yoon-Ho Daniel Lee, Jaime Cardenas, and Michal Lipson. Graphene
electro-optic modulator with 30 GHz bandwidth. Nature Photonics, 9(8):511–514, August
2015. ISSN 1749-4893. doi: 10.1038/nphoton.2015.122. URL https://www.nature.
com/articles/nphoton.2015.122.
8. Nathan Youngblood, Che Chen, Steven J. Koester, and Mo Li. Waveguide-integrated black
phosphorus photodetector with high responsivity and low dark current. Nature Photonics, 9
(4):247–252, April 2015. ISSN 1749-4893. doi: 10.1038/nphoton.2015.23. URL https:
//www.nature.com/articles/nphoton.2015.23.
9. Chaoliang Tan, Xiehong Cao, Xue-Jun Wu, Qiyuan He, Jian Yang, Xiao Zhang, Junze Chen,
Wei Zhao, Shikui Han, Gwang-Hyeon Nam, Melinda Sindoro, and Hua Zhang. Recent
Advances in Ultrathin Two-Dimensional Nanomaterials. Chemical Reviews, 117(9):6225–
6331, May 2017. ISSN 0009-2665. doi: 10.1021/acs.chemrev.6b00558. URL https:
//doi.org/10.1021/acs.chemrev.6b00558.
10. Zhengyang Cai, Bilu Liu, Xiaolong Zou, and Hui-Ming Cheng. Chemical Vapor Deposition
Growth and Applications of Two-Dimensional Materials and Their Heterostructures. Chem-
ical Reviews, 118(13):6091–6133, July 2018. ISSN 0009-2665. doi: 10.1021/acs.chemrev.
7b00536. URL https://doi.org/10.1021/acs.chemrev.7b00536.
11. L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi, K. Watanabe, L. M.
10
Campos, D. A. Muller, J. Guo, P. Kim, J. Hone, K. L. Shepard, and C. R. Dean. One-
Dimensional Electrical Contact to a Two-Dimensional Material. Science, 342(6158):614–
617, November 2013. ISSN 0036-8075, 1095-9203. doi: 10.1126/science.1244358. URL
https://science.sciencemag.org/content/342/6158/614.
12. Bettina V. Lotsch. Vertical 2d Heterostructures. Annual Review of Materi-
als Research, 45(1):85–109, July 2015. ISSN 1531-7331. doi: 10.1146/
annurev-matsci-070214-020934. URL https://www.annualreviews.org/doi/
10.1146/annurev-matsci-070214-020934.
13. Rohit A. Hemnani, Jason P. Tischler, Caitlin Carfano, Rishi Maiti, Mohammad H. Tahersima,
Ludwig Bartels, Ritesh Agarwal, and Volker J. Sorger. 2d material printer: a deterministic
cross contamination-free transfer method for atomically layered materials. 2D Materials, 6
(1):015006, October 2018. ISSN 2053-1583. doi: 10.1088/2053-1583/aae62a. URL https:
//doi.org/10.1088%2F2053-1583%2Faae62a.
14. Tong Chen, Hansuek Lee, and Kerry J. Vahala. Design and characterization of whispering-
gallery spiral waveguides. Optics Express, 22(5):5196–5208, March 2014. ISSN 1094-
4087. doi: 10.1364/OE.22.005196. URL https://www.osapublishing.org/oe/
abstract.cfm?uri=oe-22-5-5196.
15. W. Bogaerts, P. De Heyn, T. Van Vaerenbergh, K. De Vos, S. Kumar Selvaraja, T. Claes,
P. Dumon, P. Bienstman, D. Van Thourhout, and R. Baets. Silicon microring resonators.
Laser & Photonics Reviews, 6(1):47–73, 2012. ISSN 1863-8899. doi: 10.1002/lpor.
11
201100017. URL https://onlinelibrary.wiley.com/doi/abs/10.1002/
lpor.201100017.
16. Hansuek Lee, Tong Chen, Jiang Li, Oskar Painter, and Kerry J. Vahala. Ultra-low-loss optical
delay line on a silicon chip. Nature Communications, 3:867, May 2012. ISSN 2041-1723. doi:
10.1038/ncomms1876. URL https://www.nature.com/articles/ncomms1876.
17. Philipp Tonndorf, Robert Schmidt, Philipp Böttger, Xiao Zhang, Janna Börner, Andreas
Liebig, Manfred Albrecht, Christian Kloc, Ovidiu Gordan, Dietrich R. T. Zahn, Steffen
Michaelis de Vasconcellos, and Rudolf Bratschitsch. Photoluminescence emission and Ra-
man response of monolayer MoS2, MoSe2, and WSe2. Optics Express, 21(4):4908–4916,
February 2013. ISSN 1094-4087. doi: 10.1364/OE.21.004908. URL https://www.
osapublishing.org/oe/abstract.cfm?uri=oe-21-4-4908.
18. Lukas Chrostowski and Michael Hochberg. Silicon Photonics Design by Lukas
Chrostowski, March 2015. URL /core/books/silicon-photonics-design/
BF3CF13E8542BCE67FD2BBC7104ECEAB.
19. F. Cadiz, E. Courtade, C. Robert, G. Wang, Y. Shen, H. Cai, T. Taniguchi, K. Watan-
abe, H. Carrere, D. Lagarde, M. Manca, T. Amand, P. Renucci, S. Tongay, X. Marie,
and B. Urbaszek. Excitonic Linewidth Approaching the Homogeneous Limit in
${\mathrm{MoS}}_{2}$-Based van der Waals Heterostructures. Physical Review X, 7(2):
021026, May 2017. doi: 10.1103/PhysRevX.7.021026. URL https://link.aps.org/
doi/10.1103/PhysRevX.7.021026.
12
20. Herbert Kroemer. Speculations about future directions. Journal of Crystal Growth, 251(1):
17–22, April 2003. ISSN 0022-0248. doi: 10.1016/S0022-0248(02)02199-1. URL http:
//www.sciencedirect.com/science/article/pii/S0022024802021991.
21. Guohua Wei, David A. Czaplewski, Erik J. Lenferink, Teodor K. Stanev, Il Woong Jung, and
Nathaniel P. Stern. Size-tunable Lateral Confinement in Monolayer Semiconductors. Scientific
Reports, 7(1):3324, June 2017. ISSN 2045-2322. doi: 10.1038/s41598-017-03594-z. URL
https://www.nature.com/articles/s41598-017-03594-z.
22. Albert Ryou, David Rosser, Abhi Saxena, Taylor Fryett, and Arka Majumdar. Strong photon
antibunching in weakly nonlinear two-dimensional exciton-polaritons. Physical Review B, 97
(23):235307, June 2018. doi: 10.1103/PhysRevB.97.235307. URL https://link.aps.
org/doi/10.1103/PhysRevB.97.235307.
23. Aymeric Delteil, Thomas Fink, Anne Schade, Sven Höfling, Christian Schneider, and Ataç
I˙mamog˘lu. Towards polariton blockade of confined exciton–polaritons. Nature Materials, 18
(3):219, March 2019. ISSN 1476-4660. doi: 10.1038/s41563-019-0282-y. URL https:
//www.nature.com/articles/s41563-019-0282-y.
24. Guillermo Muñoz-Matutano, Andrew Wood, Mattias Johnsson, Xavier Vidal, Ben Q. Baragi-
ola, Andreas Reinhard, Aristide Lemaître, Jacqueline Bloch, Alberto Amo, Gilles Nogues,
Benjamin Besga, Maxime Richard, and Thomas Volz. Emergence of quantum correla-
tions from interacting fibre-cavity polaritons. Nature Materials, 18(3):213, March 2019.
13
ISSN 1476-4660. doi: 10.1038/s41563-019-0281-z. URL https://www.nature.com/
articles/s41563-019-0281-z.
25. Yichen Shen, Nicholas C. Harris, Scott Skirlo, Mihika Prabhu, Tom Baehr-Jones, Michael
Hochberg, Xin Sun, Shijie Zhao, Hugo Larochelle, Dirk Englund, and Marin Soljacˇic´. Deep
learning with coherent nanophotonic circuits. Nature Photonics, 11(7):441–446, July 2017.
ISSN 1749-4893. doi: 10.1038/nphoton.2017.93. URL https://www.nature.com/
articles/nphoton.2017.93.
26. T. F. de Lima, H. Peng, A. N. Tait, M. A. Nahmias, H. B. Miller, B. J. Shastri, and P. R.
Prucnal. Machine Learning With Neuromorphic Photonics. Journal of Lightwave Technology,
37(5):1515–1534, March 2019. ISSN 0733-8724. doi: 10.1109/JLT.2019.2903474.
27. Jian-Hua Jiang and Sajeev John. Photonic Architectures for Equilibrium High-Temperature
Bose-Einstein Condensation in Dichalcogenide Monolayers. Scientific Reports, 4:7432, De-
cember 2014. ISSN 2045-2322. doi: 10.1038/srep07432. URL https://www.nature.
com/articles/srep07432.
28. Hai-Xiao Wang, Alan Zhan, Ya-Dong Xu, Huan-Yang Chen, Wen-Long You, Arka Majum-
dar, and Jian-Hua Jiang. Quantum many-body simulation using monolayer exciton-polaritons
in coupled-cavities. Journal of Physics: Condensed Matter, 29(44):445703, October 2017.
ISSN 0953-8984. doi: 10.1088/1361-648X/aa8933. URL https://doi.org/10.1088%
2F1361-648x%2Faa8933.
14
Figure 1: a) Illustration of the transfer setup. a-i) Dome stamp afixed to a glass slide (light gray)
above the heated sample stage (dark gray). a-ii) Contact of the dome stamp to the SU-8 chip.
a-iii) PC is drawn into a point. a-iv) PC point ready for monolayer pickup. b) Optical image of a
successful transfer onto a disk resonator using the PC-PDMS transfer method with a square PDMS
stamp. Scale bar is 110 µm. c) Optical image of a successful transfer onto a disk resonator using
the modified PC-PDMS transfer method without bulk material contamination. Scale bar is 110
µm. d) Optical image of a representative disk resonator with an integrated vdW monolayer. Scale
bar is 10 µm.
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Figure 2: a) SEM image of a silicon nitride spiral. The bottom right inset is a false-color SEM of
the integrated monolayer WSe2. The top right inset is the grating couplers (green - excitation, red
- collection). Scale bar is 10 µm. b) Room-temperature PL of the monolayer WSe2 integrated onto
the silicon nitride spiral. c) Transmission spectrum for the silicon nitride spiral. d) Transmission
spectrum for the silicon nitride spiral with the integrated monolayer WSe2.
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Figure 3: Optical image of exfoliated WSe2 and MoSe2 monolayers integrated onto the left and
top ring resonators, respectively, with false-color SEM images of the integrated monolayers. Scale
bar is 10 µm.
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Figure 4: a) PL of the integrated WSe2 monolayer at 80 K. b) Transmission spectrum for the ring
resonator with the integrated monolayer WSe2. c) Cavity-coupled PL of the integrated monolayer
WSe2 on the ring resonator. d) PL of the integrated MoSe2 monolayer at 80 K. e) Transmission
spectrum for the ring resonator with the integrated monolayer MoSe2. f) Cavity-coupled PL of the
integrated monolayer MoSe2 on the ring resonator. The baseline below the cavity resonance peaks
in c and f is due to background PL.
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